AD=AO49 456 OHIO STATE UNIV COLUMBUS ELECTROSCIENCE LAB F/6 9/5

THE CIRCUMFERENTIAL VARIATION OF THE AXIAL COMPONENT OF THE CUR=-=ETC(U)

0CT 77 P TULYATHAN: E H NEWMAN DAA529-76-0-00Q7 '
UNCLASSIFIED ESL-4311-6 ARO=-13331,.2-EL

END
DATE
FILMED

S =-=/8

DOC




=
iz
{

fl2

=tE K
mll T "
— A
s s nee
== lIi= =

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STAN_DARDS-IQSST}‘
S oo R




i e

L 9GPEROVI







UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
! REPORT NUMBER IZ GOVY ACCESSION NO.( 3 RECIPIENT'S CATALOG NUMBER
i
4 TITLE (and Subtitle) S TYPE OF REPORT & PERIOD COVERED
THE CIRCUMFERENTIAL VARIATION OF THE AXIAL Technical Report
COMPONENT OF THE CURRENT IN CLOSELY SPACED
s & PERFORMING OR REPCRT N R

THIN-WIRE ANTENNAS £SL 4311-60 ORY NUMBE
7. AUTHOR(S) 8 CONTRACT OR GRANYT NUMBER(e)

P. Tulyathan

£l Reamin Grant No. DAAG29-76-G-0067

#

9. PERFORMING ORGANIZATION NAME AND ADDRESS
The Ohio Stdte University ElectroScience N PO
Laboratory), Department of E]ectr1ca1 Engineering
Columbus, Ohio 43212

10 PROGRAM ELEMENT, PROJECT TASK

1. CONTROLLING OFFICE NAME AND ADDRESS 12 REPORT DATE
Department of the Army October 1977
U.S. Army Research Office T3 NUMBER OF PAGES
Research Triangle Park, North Carolina 27709 22
14, MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office) 1S SECURITY CLASS. (of this report)
Unclassified
[ 15a DECLASSIFICATION DOWNGRADING |
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

- DISTRIBUTION STATEMENT A

Approved for public release;
Distribution Unlimited

17 DISTRIBUTION STATEMENT (of the abatract enterad in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue «n reverse side if necessary and identify by block number)

Antenna

Circumferential variation
Method of moments
Proximity effects

20 ABSTRACT (Contlnue on reverse side If necessary and (dentify by block number) )

Closely spaced thin-wire antennas are analyzed by the moment method
using the piecewise—sinusoida] function to describe the current variation
along the length of the wire and a Fourier series for the circumferential
variation. Data are presented for the circumferential variation of the
surface current density of parallel dipoles obtained by the *thin-wire®

theory, wire-grid model, and the present formulation. Qg\\\\x

D — IORNSESN——

DD , 5%, 1473  €oition oF 1 NOV 65 15 0BSOLE TE

UNCLASSIFIEB\

SECURITY CLASSIFICATION OF YHIS PAGE ‘When Data Envered)




TABLE OF CONTENTS

Page
ig I INTRODUCTION 1
s I1 THEORY 1
;- III NUMERICAL RESULTS 4

IV CONCLUSION 21
REFERENCES 22

«mr.A
— Pre——.
. H

B e REST e S e

P
.

i; ACCESSICN for I
' i nris White Sectmﬂ~ D D C

§ & o2 Butt Section
: UNANNOUNCED O

DISTRIBUTION/AYAILABILITY CODES
Dist.  AVAIL and/oF SPECIAL

P,

"

Pa——
L )

P
[ .

ey
. .

ii

p—— pee—




I. INTRODUCTION

A fundamental approximation made in the "thin-wire" theory is that
the surface current density is uniform around the circumference of the
wires. In order to make this approximation, two conditions are imposed
on the wires. First, the wire radius must be much less than a free
space wavelength, and second, no two wires pass within a few wire
diameters of each other.

This report considers the problem of closely spaced three-dimensional
electrically thin wires. Smith [1] and Olaofe [2] had considered the
problem of closely spaced infinite cylinders, and Smith included a
modification for finite wires. The solution presented here is a modi-
fication of the piecewise sinusoidal reaction formulation for "thin-
wire" structures [3]. A Fourier series is used to represent the
circumferential variation of the axial component of the current.
Numerical data illustrate the effects of wire radius and separation on
the circumferential variation of the current. The data are compared
with the results of "thin-wire" theory and also with a wire-grid model
of the closely spaced wires.

IT. THEORY

The reaction concept was introduced by Rumsey [4], and applied by
Richmond [3] to derive the reaction integral equation (RIE) for radiation
and scattering from thin-wires and conducting surfaces.

Consider the problem of scattering by a wire structure enclosed by
the surface S, and with the impressed electric and magnetic currents
(JisMij) confined in the volume Vi. Let the ambient medium be free
space. The eJwt time dependence of all sources and fields will be sup-
pressed. In the presence of the wire, (J;j,Mj) generate the field (E,H).
From the surface-equivalence theorem of Schelkunoff [5], the wire can be
replaced by free space if the following surface-current densities are
introduced on the surface S

gs =nxH (1)
Ms =Exn (2)

where n is the outward directed unit vector on S. By defining (Js,Ms)
as in Equations (1) and (2), the total field inside the wire is zZero.
The RIE for the unknown currents (Jg,Ms) is [3]




e ) (4 E"Hy v = 0 (3)

where (Em,ﬂw) is the field of test sources (Jp,Mp) located interior to
the surface S and radiating in the homogeneous medium. Below we will
consider perfectly-conducting wires, and thus Mg = 0.

Let each segment of the wire structure have a circular cross
section and at each point on the surface define a right-handed orthogonal
coordinate system with unit vectors (n,¢,%2) where n is the outward
normal vector, % is directed along the wire axis and

¢ =4 xn. (4)

At this point, Equation (3) is usually simplified by making the
following thin-wire approximations:

. wire radius a << A
. neglect integrations over the end surfaces of the wire

the ¢ component of is zero

I

. the & component of gs is independent of ¢.

We will use all of the above approximations except for #4. The surface
current density on the wire can then be written as

I (,0) =R u (r,0) . (5)
Inserting Equation (5) into Equation (3) yields

L 2n

] age) Mt ae = [f] @B - mewMay (6)
0o O VJ

where L denotes the overall wire length.




Equation (6) will be solved via the method of moments [6]. To do
this Jg(2,4) is expanded in terms of a finite series as follows:

34(2,0) = ?1 3y Gy (%59) (7)
n:

where the Jp are unknown coefficients and the G,(%,4) are a known basis
set. Enforcing Equation (6) for N distinct test sources yields the
following system of simultaneous linear equations

\ : ;
L 4% ML A n=1,2,ce0N (8)
where
Zn =" ” 6, (2,¢) (8-E™) ds (9a)
n
= J] e e a | (30
v

and where the integration in Equation (9a) is over the surface of the
n-th expansion mode. The accuracy and computational efficiency of
the solution is dependent upon the choices for the expansion and
testing functions.

In defining expansion functions we choose the piecewise-sinusoidal

function [3] to describe the % variation and a Fourier series for the
¢ variation. The expansion is

P K P
J(2,0) = ) 0 F(2)+ ) 119 F (%) cos k¢
s p=1 P P kSl | pe1 L (2k-1)P+p Tp

]

+ JZkP+p Fp(t) sin k?:lf " (10)




Thus, the Gp(%,4) are of the form Fn(2), Fnh(2)cosé, Fn(2)sing, Fn(2)cos2¢,
Fn(2)sin2¢, «++ Fn(2)cosK¢ and Fp(2)sinK¢ where the F,(%) are the
piecewise-sinusoigal V-dipoles. If P V-dipoles are used to describe

the £ variation and K terms in the Fourier series are retained, then

the total number of unknowns will be

N = P(2K+1). (11)

The testing functions were chosen identical to the expansion modes.
Thus, My = 0 and Jy = Gy. This is an application of Galerkin's method
and the impedance matrix will be symmetric. Our initial choice for the
test modes was filamentary sources on the wire axis. This choice led
to serious problems of relative convergence [7] and was abandoned for
the true Galerkin solution.

The above choice of expansion and testing functions has several
advantages. First, the expansion modes are placed in an overlapping
array on the wire so that continuity of current is enforced. Evaluation
of the elements in the impedance matrix, Equation (9), requires a
quadruple integration, i.e., two to find EM and two to integrate over
the surface of the n-th expansion mode. However, since we employ the
piecewise-sinusoidal functions, only two of these integrations are
done numerically. Advantage can also be taken of the orthogonality
of the Fourier modes in evaluating terms where the expansion and test
modes overlap.

ITI. NUMERICAL RESULTS

In this section numerical results will be presented for the
surface current density of parallel center-fed dipoles, as illustrated
in Figure 1. Results obtained by the method of the previous section
will be compared to those of "thin-wire" theory [8], and also to the
results of a wire-grid model of the parallel dipoles [9]. In the wire-
grid model each thin-wire dipole is modeled by about sixteen extremely
thin wires uniformly spaced around its circumference. The dipoles are
center-fed by unit voltage delta-gap generators. Although Jq(%,4) varies
along the & coordinate, only Jg around the center of the wire will be
presented. The following calculations demonstrate the ability of the
preceding formulation and computer programs to account for the ¢
variation of Jg for closely spaced thin and moderately thick parallel
dipoles. The surface current densities are normalized with respect to
an isolated dipole. In all the computations to follow, 3 modes were
used to describe the longitudinal distribution on each A/2 dipole.

M SR R IR i e AR Y e Tl




g 1]
e AT
i | |
- | l
= | :
' |
L ¥ '
| | | DELTA-GAP |
§ & : GENERATORS |
|
: ! '_
i =1~ -1 j_l
I - Vall ?
1 2C
] WIRE # | WIRE #2
(a)
¢ ¢
2C 2C
WIRE #I WIRE #2 WIRE #3
(b)

Figure 1. Parallel dipoles of circular cross section
excited by delta-gap generators. The
¢-coordinates are defined.
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The normalized magnitude and phase of the surface current density
of two para]%e] A/2 digoles for various wire spacinags, c/a, and wire
radii of 107°A and 1074X are shown in Figures 2 and 3, respectively.
Referring to Equation (10), the coefficients of the expansion modes for
the above cases are presented in Tables 1-A and 1-B. Note that since

Jg is an even function in ¢, all sink¢ terms vanish. Following the

notation of Equation (10), K will denote the number of ¢ dependent terms
in the surface current expansion. For example, K=0 implies that only

the constant ("thin-wire" approximation) term is used, K=1 implies that
the constant, cos¢ and sin¢ terms are used, etc. In Figures 2 and 3 note
that the results of the previous section are in excellent agreement with
the wire-grid model of the parallel dipoles. In Tables 1-A and 1-B note
that the coefficients of the constant term for the K=0 case is very

close to that_of the K=1 and K=2 cases, except in the extreme case

where a = 1074A and c/a = 1.1.

Figure 4 and Figure 5 show the normalized magnitude and phase of
the surface current distribution for three Barallel AéZ dipoles for
various wire spacings and wire radii of 10-2X and 107¢X, respectively.

The coefficient of the expansion modes are tabulated in Tables 2-A and
2-B for the above cases. In the cases where the wires are very close
together (c/a=1.1 and c/a=2.0), the coefficient predicted by the

case K=0 is in error by 20% to more than 100%.
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TABLE 1-A. Two Parallel A/2 Dipoles Each of Radius 107X

Coefficients of the Expansion Modes for Jg at the
Center of the Dipole #1 (mA/meter)

Note that sink¢ terms vanish

expansion mode

c/a used (K) Constant cos¢ c0s2¢

0 86.50/-26.6 . 2

1.1 1 86.33/-26.5 166.29/149.4 -
2 86.33/-26.5 164.65/149.4 34.12/152.0

0 86.06/-26.1 - -

2.0 1 86.00/-25.9 168.12/148.2 -
2 86.00/-25.9 167.63/148.2 30.36/149.8

20.0 0 88.23/-20.2 i -

88.24/-20.1 166.23/143.8 -
2 88.24/-20.1 166.23/143.8 4.11/150.6

0 97.59/-13.6 - -

50.0 1 "] 97.64/-13.6 164.11/139.0 -
l 2 97.64/-13.6 164.11/139.0 1.86/156.6

1

g

é
F




TABLE 1-B. Two Parallel A/2 Dipoles Each of Radius 1072\
Note that sink¢ terms vanish
expansion mode
c/a used (K) Constant cosé c0s2¢
0 7.96/-15.7 . ¢
1.1 1 8.19/-13.7 20.64/149.0 -
2 8.19/-13.6 20.49/148.8 5.10/157.4
0 8.03/-11.2 - -
2.0 1 8.32/-9.9 21.47/145.5 -
2 8.32/-9.9 21.40/145.5 4.89/153.7
20.0 0 18.38/7.0 - -
1 18.35/6.7 24.51/83.1 -
2 18.35/6.7 24.51/83.1 1.93/133.6
0 13.49/-26.9 - -
50.0 1 13.56/-26.4 10.90/-146.6 -
2 13.56/-26.4 10.90/-146.6 0.82/-76.1
|
12

|
[
|
|
[

F ey OO

 spoararety WOREN paronoey WU seputongy WSSO rsmpuay WO o rrye ISR wvsmma) IO eoensis B




*e/o5 sbuloeds 9uLlM SNOLJURA Y3LM ?m-opumv sajodLp-z/y
934yl uo 3seyd pue uOLINGLUISLP JUBAUND BIBJUNS pIZL|RWIOU 3Y] “{ a4nbiL4

0°2 =95 (q)

4 : (*930) IHd
_lm | Oo.u [ | mm- -OO. Bl .D.o
4 A< (<
-.d P
-m% - % o
] (*930) IHd ol -
L QM’ 103 B
5 ..lq.l
L. O o=
80 wm
e )
o o
| N*u.@___;ﬁ i 0 o . -
I300W Q1IN JHIM ¥ X %
] _._no\o (o)
T mm.;ﬁ €=M
71300W GI¥9 3¥IM X X X o (°930) IHd
™ ‘081 *SEl *08 *Sh ‘0
o L Y 1 W
. w_.d S5
_m 8 o8
(*930) IHd C» nx
® b m D
o =T
e &
L 2o =)
- . n
5 .
: o




9 [ (ool et i Rt ISR o it B s e v o ﬁl‘lllj
1

(panutLiuo)) |

0°06 = 94 (P)

“y 9unbt4

(*930)
"SE ‘08

[T GO SR MO OO

IHd
_mw £ _omu

*081-
o
—

@2 W =M — W — M= oo
L o o
= °N
w
mm mm
S -
e e
=) — — — e
N*uszﬁ
x X
71300 0JY¥9 3YIM % 00z=2, (3)
I uxiﬁ 899
» 1300W QI¥9 3¥IM X X X . (930) IHd
M *081 *SE1l *08 *Sh .oD
e R VORI B R DR TN [k e e | YSO WRE f~
= o P2 s [ =]
(*930) IHd L% e
. nm, 3 H
| A ey | .0 n._.ql
S ®n
~%_ 480 -3
Al "
@ S,
= V
[~]




*e/> sbuideds duLM SNOLURA YILM ?Nuopnev sajodip-z/v

934yl uo 3seyd pue uUOLINGLAISLP JUSLAND DRJUNS PIZL|{PWIOU 3Y] °G 3unbiy
0'2 = 8/ (9)
w (°930) IHd
e N s P B B
o
\ O
%uu”u \x./,! m.m
(°930) IHd w W S - nwx
‘08 *Sh m )
Wil T f . nln
o N
©
\ ..um“ w_.ﬂ
-~ S b
e o
Ntum;; ook il 3
300N Q149 3YIM ¥ X X 1"l = ©/ (o)
e=
;mz_;Tm_oos_ alyo WM X X X (*930) IHd
a ‘081 *SE1 ‘08 *Sh .oO
. | ST PRI, [N T T T g BT e [
o
N\
WW \\m /! Om
W - % i ux
. m D
. el
~—~ OI
/ 80 )
! 55 O
X~ o™ (S
S »
o

-s
-

-e
L
L L
e

15




?m::.ﬁcouv

(*930)

rrrrro

gal = —= —»

JYIM X K XK

g=)
JyM X X X

I
ol it ﬁ._wooz alyo

I# mm_;Tmooz aluo

(*930)
*08

IHd
*Sh

O (O (AN |

"G adnbiy

0°06S =%, (P)

oA (°930) IHd
- ‘08 *SE ‘06 *Sh ‘0
mU L.y g - g Sg B 8 -ogflc-o g ign o .0
o
| "0 2
w
°3 o3
w e =5 wn
M - - T \-I\..!\ll. - T
e -r
o~ 7 OI
O = ~N
©m .I*\
ol nsm
-.to wn
@ 2
MU n
Q
0°02 =%, (3)
W (*930) IHd
‘081 *S6 ‘06 *Sh %
.0 TR AT ) [ O (SRR T I R bO.o
Q
| O =
oX o0
e D o D
& ‘3
> -
= 5
o -5
- -
@ b
S q.
o

16




E
E

ot bl i i i i e S
TABLE 2-A. Three Parallel A/2 Dipoles Each of Radius 10'3A
Coefficients of the Expansion Modes for Jg at the
Center of the Dipoles #1 and #2 (mA/meter)
Note that sink¢ terms vanish
e expansion mode
c/a used (K) Constant cos¢ cos2¢ cos3¢
’

.“ 0 139.36/-29.2 - - -
z wire #1{1.1 1 79.47/-27.0 | 180.71/149.0 - -
i 2 83.79/-27.1 | 169.20/148.9 | 21.18/153.5 -
¥ \ 3 84.25/-27.2 168.26/148.9 | 20.36/154.0 | 6.81/-38.4

0 107.35/145.5 - - -
wire #2(1.1 1 13.26/-11.8 | 0.0 - -
b 2 5.73/17.0 0.0 66.09/151.4 .
1 \ 3 5.25(25.2 0.0 68.60/151.1 0.0
3 y
. 0 101.48/-28.1 - - -
de wire #1<2.0 1 85.41/-27.0 | 170.37/147.9 - -

2 85.78/-27.0 | 168.61/147.9 | 17.16/151.9 -
i \ 3 85.78/-27.0 | 168.61/147.9 | 17.16/151.9 | 1.22/166.0
; 0 33.54/136.0 - - -
; wire #2{2.0 1 6.39/63.0 0.0 - -
t 2 6.53/70.5 0.0 60.49/149.2 -
. - 3 6.53/70.5 0.0 60.46/149.2 | 0.0

17
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TABLE 2-A. Continued
expansion mode
c/a used (K) Constant cos¢ cos2¢ cos3¢
0 91.89/-21.2 - - -
wire #120.0 1 90.07/-20.9 | 170.14/143.7 - -
2 90.75/-20.9 | 170.14/143.7 2.51/160.0 -
3 90.75/-20.9 | 170.14/143.7 2.51/160.0 | 0.0
f
0 24.35/74.1 - - -
wire #2<zo.o 1 23.69/68.7 - ’ -
2 23.69/68.7 0.0 8.36/150.2 -
< 3 23.69/68.7 0.0 8.36/150.2 | 0.0
7
0 103.08/-13.9 - - -
wire #1(50.0 1 103.67/-13.7 | 169.30/138.4 - -
2 102.67/-13.7 | 169.30/138.4 1.517173.1 -
3 102.67/-13.7 | 169.30/138.4 1.51/173.1 | 0.0
0 47.96/53.9 - - -
wire #2¢50.0 1 47.96/52.7 0.0 - -
2 47.96/52.7 0.0 3.86/156.5 -
3 47.96/53.7 0.0 3.86/156.5 | 0.0
18

—

o TR e VO ey DOBOY s WOPOOY oy OV

N Mot

-

sk




TABLE 2-B.

Three Parallel A/2 Dipoles Each of Radius 10~

Note that sink¢ terms vanish

2

expansion mode

c/a used (K) Constant cos¢ cos2¢ cos3¢
0 14.67/-25.8 - - =
wire #1¢ 1.1 1 7.27/-12.8 23.57/148.4 - -
2 7.82/-13.8 22.12/147.9 3.95/162.2 -
3 7.89/-14.1 21.96/148.0 3.81/163.4 | 1.08/-51.7
-
0 14.31/135.8 - - -
wire #2¢ 1.1 1 2.40/17.6 0.0 - -
2 1.80/45.1 0.0 9.22/157.8 -
\ 3 1.82/50.2 0.0 9.62/156.6 | 0.0
>
0 10.14/-17.9 - - -
wire #1¢ 2.0 1 8.52/-11.8 22.28/145.3 - -
2 8.59/-11.9 21.96/145.3 3.42/163.0 -
3 8.59/-11.9 21.96/145.3 3.42/163.0 | 0.34/-165.8
0 5.97/113.1 - - -
wire #2{ 2.0 1 3.11/74.4 0.0 - -
2 3.16/76.7 0.0 10.10/152.7 .
3 3.16/76.7 0.0 10.10/152.7 | 0.0




TABLE 2-B. Continued
expansion mode
c/a used (K) Constant cos¢ cos2¢ cos3¢
0 17.63/2.0 - . -
wire #1{20.0 1 17.76/2.5 20.69/78.2 - -
2 17.76/2.5 20.69/78.2 .91/124.9 -
3 17.76/2.5 20.69/78.2 .91/124.9 | 0.07/159.4
-
0 24.16/21.7 - < 5
wire #2(20.0 1 23.83/22.1 0.0 - -
2 23.83/22.1 0.0 80/129.0 -
: 3 23.83/22.1 0.0 80/129.0 | 0.0
v
0 12.40/-28.9 - - -
wire #1¢50.0 1 12.50/-28.4 | 14.54/-149.2 - .
2 12.50/-28.4 | 14.54/-149.2| 1.09/-75.6 -
\ 3 12.50/-28.4 | 14.54/-149.2 | 1.09/-75.6 | 0.03/-8.6
r
0 11.18/-34.8 - - .
mwire #2(50.0 1 11.14/-34.6 | 0.0 - -
2 11.12/-34.6 0.0 .55/-78.8 -
\ 3 11.12/-34.6 0.0 .55/-78.8 | 0.0
20

]




-w

-

-

The results shown in Figures 2-5 and in Tables 1 and 2 suggest
opposite conclusions as to the accuracy of the thin-wire approximation
that J. is independent of ¢. First, Figures 2-5 clearly show that Jg
is st?%ng]y ¢ dependent, even for c/a as large as 50 and a as small as
A/1000. Thus, one is led to the conclusion that the thin-wire approxi-
mation is not valid. Next, Tables 1 and 2 show that, except for
extremely small c/a where the thin-wire approximation is known to fail,
the ¢ independent term predicted from "thin-wire" theory (K=0 case) is
essentially identical to the ¢ independent term from the K=1 or K=2
cases. Since for wires whose radius a <<A it is the ¢ independent term
which dominates the far-zone radiated fields, "thin-wire" theory will
predict the proper far-zone fields. Also, if the device used to measure
input impedance is sensitive to the average value of voltage/Jg around
the circumference of the wire, then it will also depend only on the
¢ independent modes. Thus, one can be led to the conclusion that the
“thin-wire"approximation is in fact valid. This discrepancy can be
resolved by stating that the "thin-wire" approximation is not valid for
predicting the circumferential distribution of current on a general
wire structure, however, it is useful for computing such quantities as
impedance and far-zone fields.

At this point it is reasonable to ask the question "why go to all
the time and trouble to determine the ¢ dependence of Jg since it

ordinarily does not affect either the input impedance or far-zone fields?"

The answer is two-fold. First, "thin-wire" computer programs are in
such widespread use that any information relative to the basic approxi-
mations made in these codes is of value. Secondly, there are
quantities which the ¢ dependence of J. do affect. For example, the
conductor loss resistance is a stron —ﬁunction of the circumferential
distribution of current on the wire El]. A knowledge as to how this
loss resistance varies with wire radius and wire spacing is important
in determining the efficiency of such antennas as the electrically
small multiturn loop antenna.

IV. CONCLUSION

This report has considered the problem of determining the circum-

ferential current distribution on closely spaced electrically thin-wires.

The solution is a modification of the piecewise sinusoidal reaction
formulation for thin-wire structures. A Fourier series is used to
represent the ¢ dependence of the wire surface current density.
Numerical data presented illustrate that there can be a considerable
circumferential variation even when the wire to wire separation exceeds
several wire diameters. This can be important in determining antenna
efficiency; however, if these wires were to be analyzed by "thin-wire"
theory (i.e., neglecting the circumferential variation of the surface
current density) the correct impedance and far-zone fields are usually
obtained.
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